Abstract In the present work, we describe for the first time the utilization of a complex microbial biofilm for the treatment of sulfide-containing effluents. A non-aerated packed-column reactor was inoculated with anoxic lake sediment and exposed to light. A biofilm developed in the column and showed a stable oxidation performance for several weeks. Microbial species composition was analyzed by microscopy, pigment analysis and a bacterial 16S rRNA gene clone library. Colorless sulfur bacteria, green algae and purple sulfur bacteria were observed microscopically. Pigment composition confirmed the presence of algae and purple sulfur bacteria. The clone library was dominated by alpha-Proteobacteria (mostly Rhodobacter group), followed by gamma-Proteobacteria (Chromatiaceae-like and Thiothrix-like aerobic sulfur oxidizers) and the Cytophaga-Flavobacterium-Bacteroides group. Plastid signatures from algae were also present and a few clones belonged to both the beta-(Rhodoferax sp., Thiobacillus sp.) and delta-Proteobacteria (Desulfocapsa sp.) and to the low G+C Gram-positive bacteria (Firmicutes group). The coexistence of aerobic, anaerobic, phototrophic and chemotrophic microorganisms in the biofilm, the species richness found within these metabolic groups (42 operational taxonomic units) and the microdiversity observed within some species could be very important for the longterm functioning and versatility of the reactor.
Introduction
Sulfide is a toxic and corrosive compound which causes a high oxygen demand and unpleasant odor. Different industries, such as petrochemical plants, and the anaerobic treatment of sulfate-containing wastewaters, generate effluents rich in sulfide (Fischer 1988; Buisman et al. 1990) . Physicochemical processes are in use for removing sulfide from wastewaters, but their relatively high chemical, catalyst and disposal costs are important drawbacks of these conventional systems (Jensen and Webb 1995) , which are only efficient for wastewaters with a high sulfide concentration (Cork et al. 1983 ). Microbiological processes have been investigated as an alternative to the physicochemical treatments applied for sulfide removal (Jensen and Webb 1995) . Aerobic sulfur-oxidizing bacteria, such as different species of the genus Thiobacillus, have been used in aerobic reactors (Sublette and Sylvester 1987; Buisman et al. 1990; Janssen et al. 1997) in aerobic reactors. In these reactors, sulfide is transformed to sulfate through an oxygen-dependent process. Anaerobic oxidation by phototrophic sulfur bacteria has been proposed for the treatment of sulfide-containing effluents (Cork et al. 1983; Kim et al. 1990) .
Although several biological processes have been studied at the laboratory scale, very few of them have been employed on a large scale (Jensen and Webb 1995) . Most bioreactors utilize suspended microbial biomass that can be easily washed out from the system whenever its growth rate is affected by environmental disturbances. As an alternative, reactors using fixed biomass (biofilms) may be more stable. Biofilms are defined as surface-attached accumulations of microbial cells encased in extracellular polymeric substances (Characklis and Wilderer 1989) . One of the main advantages of these structures is that cells are immobilized and retained in the reactor, allowing high biomass to be achieved (Schram and Amann 1998) . Microorganisms are not washed out, even if they constitute a minor part of the community or have low specific growth rates. The existence of microenvironments within the biofilm, in which conditions can be completely different from those in the liquid phase, has been related to a higher stability and resistance to disturbances or lethal factors (Brown et al. 1988; Brown and Gauthier 1993) . Heterogeneous biofilms are also more resistant and their higher taxonomic and physiological diversity results in a better performance of wastewater treatment under changing environmental conditions (Von Castein et al. 2002) . Therefore, biofilm reactors are increasingly used for different wastewater treatments or bioremediation processes (Wagner and Loy 2002) .
In the present work, we describe for the first time the use of a complex multispecies biofilm for the treatment of sulfide-containing effluents. After the inoculation of the reactor with a sample of anoxic lake sediment, a complex, metabolically diverse assemblage developed with a highly stable performance. The microbial species composition was determined by microscopy and 16S rDNA cloning and sequencing, revealing the coexistence of aerobic, anaerobic, phototrophic and chemotrophic microorganisms.
Materials and methods

Start-up and growth conditions
The experiment was carried out in a fixed-biomass reactor consisting of a packed column through which the sulfide-containing medium passed. The bioreactor operated as a redoxstat (Sánchez et al. 1996) and the control system allowed a constant residual sulfide concentration to be maintained in the effluent. For a detailed description of the reactor, see the recent paper by Ferrera et al. (2004) .
The system was inoculated with a sample of anoxic lake sediment (Lake Estanya; Guerrero et al. 1987) . The biofilm was exposed to different sulfide loads (800 µM, 2,300 µM) and light irradiances (50-100 µE m −2 s −1 ). Samples from the reactor outlet were taken at regular intervals to check sulfide concentration. At the end of the experiment, the packing material was removed and the biofilm was recovered by sonication for further characterization (Ferrera et al. 2004 ).
General analyses
Sulfide was measured by the method of Pachmayr, as described by Trüper and Schlegel (1964) . Bacteriochlorophylls were measured spectrophotometrically in organic solvent extracts, as described by Stal et al. (1984) . Proteins were determined by the method of Lowry, as described by Herbert et al. (1971) . DAPI-stained cells (Porter and Feig 1980) were counted with an Olympus BH epifluorescence microscope. Purple sulfur bacteria, colorless sulfur bacteria and green algae were identified on the basis of their conspicuous morphological features (Canter-Lund and Lund 1995; Brock 1999; Imhoff 2003) .
DNA extraction
The procedure used was the following: 0.1 g of glass beads (150 µm diam.) was added to a solution containing 50 mg of biofilm in 500 µl of lysis buffer (40 mM EDTA, 50 mM Tris-HCl, 0.75 M sucrose). The sample was bead-beaten for three cycles of 80 s and was kept for 30 s in an ice-bath between cycles. Then, the lysate was collected by centrifugation (13000 rpm, 1 min) and the supernatant transferred to a new tube. Lysozyme (1 mg ml -1 final concentration) was added and the sample was incubated at 37°C for 45 min in slight movement. Then, sodium dodecyl sulfate (1% final concentration) and proteinase K (0.2 mg ml −1 final concentration) were added and the sample was incubated at 55°C for 60 min under slight movement. Nucleic acids were extracted twice with phenol-chloroform-isoamyl alcohol (25:24:1, by vol.) and the residual phenol was removed once with chloroform-isoamyl alcohol (24:1, v/v). Nucleic acids were purified, desalted and concentrated with a Centricon-100 concentrator (Millipore). DNA integrity was checked by agarose gel electrophoresis and DNA was quantified by a Hoeschst dye fluorescence assay (Paul and Myers 1982) .
Clone library and RFLP analysis For cloning, 16S rRNA genes were amplified between positions 27 and 1,492 (Escherichia coli 16S rRNA gene sequence numbering), using the primers 27F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT GTT ACG ACT T-3′). PCR mixtures contained 10 ng of template DNA, each deoxynucleoside triphosphate at a concentration of 200 µM, 1.5 mM MgCl 2 , each primer at a concentration of 0.3 µM, 2.5 units of Taq DNA polymerase (Invitrogen) and PCR buffer supplied by the manufacturer. Reactions were carried out in a Genius automated thermocycler (Techne) with the following cycle: an initial denaturation step at 94°C for 5 min, followed by 30 cycles of 1 min at 94°C, 1 min at 55°C and 2 min at 72°C, with a final extension step of 10 min at 72°C. Amplified rRNA gene products were ethanol-precipitated and resuspended in 20 µl of sterile water.
The PCR product was cloned with the TOPO TA cloning kit (Invitrogen) according to manufacturer's instructions. Ninety-six putative positive colonies were picked, transferred to a multi-well plate containing Luria-Bertani medium and 7% glycerol, and stored at −80°C. Recombinant plasmids were extracted using the QIAprep spin miniprep kit (QIAgen), following the manufacturer's instructions. Purified plasmids were digested with HaeIII (Invitrogen) and the product was run in 2.5% low-melting-point agarose gel. Fortytwo clones with different band patterns were chosen for partial sequencing. Clone library coverage (C) was calculated according the following equation: C=1−(n/N), where n is the number of unique clones and N is the total number of clones examined (Ravenschlag et al. 1999) . To determine whether the clone library was representative of the biofilm microbial diversity, accumulation curves were constructed for the different operational taxonomic units (each different RFLP pattern) and phylotypes. Sequences sharing more than 97% were grouped as the same phylotype.
rDNA sequencing Double-stranded plasmids were extracted with a QIAprep kit (QIAgen) from selected clones. Sequencing reactions were performed by QIAgen DNA Sequencing Services (Germany) by sequencing reaction with the primer 27F and run in an ABI Prism 377 XL lane sequencer.
Sequences were subjected to a BLAST search (Altschul et al. 1997) to get a first indication of the phylogenetic affiliation and to the CHECK-CHIMERA program from RDP (Maidak et al. 2000) to determine potential chimeric artifacts. Sequences were aligned using the automatic alignment tool in the ARB program package (http:// www.mikro.biologie.tu-muenchen.de; Ludwig et al. 1998) . Then, partial sequences were inserted into the optimized tree derived from the complete sequence data by the ARB "Quick add using parsimony" tool, which does not affect the initial tree topology. The resulting tree was pruned to save space and only the closest relatives were retained.
Accession numbers
Forty-two 16S rRNA gene sequences obtained from the biofilm were sent to the EMBL database (http://www.ebi.ac.uk/embl) and received the accession numbers from AJ548890 to AJ548931.
Results
After inoculation, the reactor was started-up and the oxidation rate of the biofilm was monitored throughout time. Within 8 days, the column was colonized and the oxidation rate reached equilibrium (200 µmol S 2− h −1 ) and sulfide influent concentration (800 µM, 2,300 µM), which did not result in significant changes in the sulfide oxidation rate. Details on the sulfide oxidation performance are discussed in Ferrera et al. (2004) . The concentration of sulfide at the outlet was kept at 50 µM, therefore achieving a 98% reduction in sulfide concentration. After 32 days of operation, the reactor was shut down and we proceeded to characterize the microbial composition of the biofilm.
Macroscopic and microscopic description of microorganisms developing in the biofilm
Daily inspection of the macroscopic aspect of the biofilm showed a complex colorful microbial community developing after 8 days. The predominant colors were purple and green, in agreement with the presence of green algal populations and purple sulfur bacteria observed through the microscope.
Microscopic counts revealed a high density of attached cells (4.05×10 11 cells cm −2
). Different morphotypes were observed, such as green algae (4% of total cells belonging to Chlorophyta, 1% to diatoms), purple sulfur bacteria (PSB; 29% of total cells) and conspicuous cells forming large colorless filaments (Thiothrix-like). Such multicellular filaments were counted as a unit and constituted only 3% of total cells. However, since these filaments were multicellular, their contribution in terms of biomass was certainly higher. Among the green algae at least two different morphotypes were observed, one of them identified as Scenedesmus sp. Two different PSB-like cells were observed, both containing sulfur inclusions but differing in size: PSB type I (Thiocapsa-like spherical cells, 1.5 µm diam.) and PSB type II (Chromatium-like oval cells, 4×5 µm in size). Finally, up to 63% of the cells did not show any characteristic morphological trait and could not be identified by microscopy.
Biomass recovered from the column totaled 627 mg of protein, which corresponded to a density of 1.93 mg protein cm −2 in the column. Pigment analysis indicated the presence of Chl a (56 µg cm Table 1 . Twenty-six clones corresponded to unique RFLP band patterns. The coverage of the library was 73%. After grouping the sequences differing in less than 3%, the number of phylotypes was 28. The accumulation curve continued increasing after 96 clones were screened, as a result of the high microdiversity present in the biofilm. However, the phylotype accumulation curve showed a decrease in the rate of phylotype detection after 50 clones were screened, indicating that the major part of the diversity in the library was detected.
rDNA sequencing and phylogenetic analyses Partial 16S rRNA gene sequences (see Table 1 ) were included in a phylogenetic tree (Fig. 1) . Different phylogenetic groups previously identified by microscopy were retrieved, such as green algae and gamma-Proteobacteria (i.e., Chromatiaceae, Thiothrix-like). In addition, alpha-, beta-and delta-Proteobacteria, Cyanobacteria, CytophagaFlavobacterium-Bacteroides (CFB) group and low G+C Gram-positive bacteria were also detected.
The relative distribution of the recovered clones in the clone library is shown in Fig. 2 . The alpha-Proteobacteria dominated the clone library (33% of total clones), mostly representatives of the Rhodobacter group (up to 29%), although Rhodopseudomonas and Caulobacter spp were also present. The gamma-Proteobacteria accounted for 25% of the total clones (11% belonging to the Thiothrixlike aerobic sulfur oxidizers, 13% anaerobic sulfur oxidizers belonging to the Chromatiaceae, 1% to the Pseudomonas group); and, for the CFB group, we found up to 21% of the total clones. Chloroplasts from algae were also abundant in our bacterial clone library (up to 13%) and only a few clones belonged to the Cyanobacteria (1% of total clones). Finally, a few clones belonged to the beta-(Rhodoferax, Thiobacillus, Azoarcus spp) and deltaProteobacteria (Desulfocapsa sp.), and to the low G+C Gram-positive bacteria (Firmicutes group), being less than 5% of the total clones in each case.
Most of the clones were highly related to previously described sequences in the GenBank database. In addition, 73% of the clones had 16S rRNA gene similarities (≥95%) with cultured species. Prominent among them were members of the alpha-Proteobacteria, most of them related to cultured strains at the species level (≥97% similarity; Stackebrandt and Goebel 1994) . Most of the green algal chloroplasts from the library were closely related to Scenedesmus obliquus. Conversely, members of the CFB group, Cyanobacteria and low G+C Gram-positive bacteria (Firmicutes group) were distantly related to cultured species (see Table 1 ). Two of the clones belonging to betaProteobacteria were very similar to Rhodoferax spp (99.5%). However, we also found a beta-Proteobacteria clone with low affiliation to any relative (the best match was only 91.5% with Azoarcus indigens). Therefore, putative new taxa above the genus level developed in the bioreactor and deserve future research. The phylogenetic analyses revealed that several of the retrieved sequences showed a considerable degree of microdiversity (Furhman and Campbell 1998) , particularly for the Rhodobacter veldkampii and Thiothrix sp. clusters (see phylogenetic tree, Fig. 1 ). Comparisons were carried out between such very similar sequences. Six R. veldkampii-like sequences were on average 99.6% similar to each other. For the five Thiothrix-like sequences, we found an average of 99.8% similarity among them. A similar phenomenon occurred in other cases, such as clones BIOEST-24 and BIOEST-27 (99.6% similarity to each other; related to R. azotoformans), BIOEST-18 and BIOEST-37 (99.5%; related to Rhodoferax fermentans) and BIOEST-22 and BIOEST-25 (98.6%; related to the Firmicutes group). Finally, CFB sequences BIOEST-9 and BIOEST-21 (99.8%) and BIOEST-11 and BIOEST-29 (99.5%) also showed microdiversity.
Metabolic traits in the biofilm
Due to the fact that most of the clones were closely related to well characterized cultured strains and that the prevailing environmental conditions within the bioreactor were well known, putative general activities and functional roles can be assigned for most of the phylotypes recovered (Fig. 3) . Algae and cyanobacteria (14% of total clones) were grouped as oxygenic photoautotrophs; and Chromatiaceae 16S rRNA gene sequences (13%) were grouped as anoxygenic photoautotrophs. Thiobacillus-like and Thiothrix-like sequences were grouped as aerobic chemoautotrophs (up to 12% of total clones). Clones related to the genera Rhodobacter, Rhodopseudomonas and Rhodoferax were grouped as metabolically versatile because of the wide range of metabolic capabilities described from cultivated species of these genera. These organisms might be able to carry out chemotrophic or phototrophic metabolisms and to use CO 2 or organic matter as a carbon source (Imhoff 2001a (Imhoff , 2001b . Cytophagales, pseudomonads, Caulobacteriales, Firmicutes and the sulfate-reducing bacterium Desulfocapsa sp. were all grouped as heterotrophic (26% of total clones). Although Cytophagales and Firmicutes clones had their cultured closest relatives above the genus level (95% Fig. 3 General activities and putative functional roles for the phylotypes recovered similarity), we grouped them as heterotrophic prokaryotes because all members of these groups are known to be heterotrophs (Takayuli and Kawamura 2001; Kirchman 2002) . The clone BIOEST-28 (whose best match was the beta-Proteobacterium Azoarcus sp., 91.5% similarity) was allocated to the "not determined" metabolic group, due to the fact that a wide range of metabolic capabilities can be found within this phylogenetic lineage. Surprisingly, sequences from the specialized anaerobic sulfur oxidizers (i.e., the photosynthetic purple and green sulfur bacteria) were not dominant in the clone library. In fact, 16S rRNA gene sequences from green sulfur bacteria were not detected, in agreement with microscopic and pigment data. Conversely, 16S rRNA gene sequences from the generalist Rhodobacter spp and the aerobic sulfur oxidizers, together with chloroplasts from algae, were recovered from the library in abundance. Most alphaProteobacteria (75% of total alpha-Proteobacteria) were related to R. veldkampii (percentage of similarity ≥99%), a species that is able to use both sulfide and elemental sulfur as a photosynthetic electron donor (Imhoff 2001a ).
Discussion
In the past, microbial systems developed for sulfide removal from wastewater used two different and mutually exclusive approaches: (1) aerobic sulfide oxidation by Thiobacillus (Sublette and Sylvester 1987; Buisman et al. 1990; Janssen et al. 1997) or (2) anaerobic sulfur oxidation by phototrophic bacteria (Cork et al. 1983; Kobayashi et al. 1983; Kim et al. 1990 ). These approaches were traditionally based on the use of either pure cultures or mixtures of a few well known bacterial groups growing in liquid culture or in biofilms (Jensen and Webb 1995) .
In our fixed-biomass reactor, a biofilm with high celldensity and high genetic and physiological diversity developed after inoculation with anoxic lake sediment. Since we used inorganic mineral medium with carbonate as the only carbon source, hydrogen sulfide as electron donor, a continuous light regime and anaerobic conditions, we expected the development of phototrophic sulfur bacteria. Surprisingly, oxygenic phototrophs and colorless sulfur bacteria were also present, together with purple sulfur bacteria. Thus, aerobic and anaerobic sulfide oxidizers coexisted in the reactor. In the past, the systems so far investigated were based on either aerobic or anaerobic oxidation. The microbial assemblage reported here simultaneously combines aerobic and anaerobic sulfide oxidation in a system in which oxygen is internally supplied by oxygenic photosynthesis.
Although some microorganisms could be identified through the microscope, most of the microorganisms could not (up to 63%). Therefore, we used a molecular approach based on 16S rRNA gene characterization in order to identify them. Most sequences retrieved were very similar to cultured organisms. Many different physiological groups were recovered and, furthermore, the coverage of the clone library was relatively high (73%). Although the 16S rRNA gene approach is not free of problems (Von Wintzingerode et al. 1997) , for instance PCR amplification could introduce biases in the relative abundance of the different groups, it is very useful to identify most of the population present in the biofilm. We found a reasonably good qualitative agreement between microscopically observed microorganisms and those recovered in the clone library. From a quantitative point of view, the relative abundance of purple sulfur bacteria in the library and in the microscopic counts differed only by a factor of two. However, higher proportions of green algae and Thiothrix-like sequences were retrieved in the library than in direct counts. Overall, such differences are within the range reported by others (Felske et al. 1998; Nübel et al. 1999; Casamayor et al. 2000 Casamayor et al. , 2002 and can also be explained by the heterogeneity of the biofilm and by the presence of aggregates that made it difficult to obtain identical replicates. The scope of this paper was to obtain a general assessment of the taxonomic and functional composition of the biofilm. For a more detailed quantification, other techniques such as fluorescent in situ hybridization (FISH; Amann et al. 1995) are required. However, this was beyond the scope of our work.
Although our study does not include the analysis of metabolic activities, the presence of organisms belonging to several well known functional groups suggests a complex set of interactions. First, purple sulfur bacteria (Thiocapsa-like) and purple nonsulfur bacteria (Rhodobacter-like, Rhodopseudomonas-like) can perform anaerobic light-driven oxidation of sulfide. Simultaneously, sulfide can also be oxidized aerobically by colorless sulfur bacteria (Thiobacillus-like, Thiothrix-like) and by some purple sulfur bacteria (Thiocapsa-like; De Wit and Van Gemerden 1990), using the oxygen produced by cyanobacteria and algae. All the primary producers generate organic matter that can be used subsequently by heterotrophs such as Cytophagales, Pseudomonadales, Caulobacteriales, Firmicutes and purple nonsulfur bacteria. Both aerobic oxidation and fermentation of such organic matter could take place. Sulfate-reducing bacteria could also use organic matter with sulfate, producing sulfide as the endproduct. Sulfide production, however, would be a minor process because only one clone related to this group was retrieved. Although only indirect experimental evidence is presented here, the processes outlined above seem plausible and any organism not able to grow would have been washed out of the system. Techniques combining genetic identity and function, such as microautoradiography-FISH and stable isotope probing of nucleic acids (Gray and Head 2001) , would help to find out the real contribution of each active population.
The large and heterogeneous attachment surface through the column provided microenvironments where different groups of microorganisms developed. In fact, large metabolic and genetic diversity were represented in the clone library. We retrieved new 16S rRNA genes, substantially different from any previously known sequence. Conversely, we observed clusters of closely related sequences below the species level (microdiversity; Furhman and Campbell 1998) . This microheterogeneity in the 16S rRNA gene has been previously reported in clone libraries of Bacteria, Archaea and eukaryotic microorganisms from several natural environments (Casamayor et al. 2002) . Some of this microdiversity might be explained by Taq polymerase errors during PCR amplification (Field et al. 1997) or by rRNA multioperons belonging to a single population (Nübel et al. 1996) . However, it is clear that, in many cases, the microdiversity has ecological and physiological significance in natural populations (Casamayor et al. 2002) . Microdiversity allows niche specialization and therefore the coexistence of ecotypes with different substrate affinities or different light-dependent physiology (West and Scanlan 1999; Casamayor et al. 2002) . The meaning of microdiversity in the bioreactor remains to be established, but due to the heterogeneity of our biofilm and the microenvironments developed, niche specialization is a possible explanation.
In the present work, we do not attempt to describe a "type" microbial community able to oxidize sulfide, but rather to prove that, using this type of reactor design, we can successfully select complex microbial assemblages carrying out a specific function. In effect, the biofilm mimics to a considerable extent the taxonomic and functional diversity found in stratified sulfurous ecosystems with oxic/anoxic interfaces, such as sulfurous lakes (e.g., Pedrós-Alió and Guerrero 1993; Casamayor et al. 2000) . The coexistence of aerobic, anaerobic, phototrophic and chemotrophic microorganisms in the biofilm and the species richness found within these metabolic groups, together with the microdiversity observed within some species, could be very important for the long-term functioning and versatility of the reactor. Heterogeneous, multispecies biofilms composed of different physiological and ecological members should be better adapted than pure cultures to withstand major disruptions in the environmental conditions. The presence of more than one species with the same metabolic profile (e.g., Thiobacillus vs Thiothrix, or Thiocapsa vs Chromatium) would ensure continued functioning in the case that disruptions affected one of the populations but not the others. The complex interactions established are key attributes for the long-term performance of the bioreactor.
